We developed I-BLOCKS, a modular electronic building block system and here we show how this system has proven useful, especially as an educational tool that allows hands-on learning in an easy manner. Through user studies we find limitations of the first I-BLOCKS system, and we show how the system can be improved by introducing a graphical user interface for authoring the contents of the individual I-BLOCK. This is done by developing a new cubic block shape with new physical and electrical connectors, and by including new embedded electronics. We developed and evaluated the I-BLOCKS as a manipulative technology through studies in both schools and hospitals, and in diverse cultures such as in Denmark, Finland, Italy and Tanzania.
Introduction
Miniaturisation of computing makes it possible to employ new educational practises and revolutionise programming through the use of technological components. With the development of physical, intelligent building blocks (e.g., neural building blocks; see Lund, 2003b) , it is investigated how it may become possible to 'program by building' (a research subject also referred to as physical programming). Construction with intelligent building blocks results not only in the development of a physical structure, but also in the development of a functionality of the physical structure. So construction of functionality can happen with physical building blocks that each contains computational processing and communication. After the basic development of the first hardware realisations, we worked on applying our I-BLOCKS technology in the fields of psychology, education and interaction design. We believe that the I-BLOCKS are important tools for constructionism, since they allow easy, hands-on manipulation with both physical and functional structures, e.g. for ''playing'' with cognitive tasks.
Other researchers (e.g., Ishii & Ullmer, 1997) have presented haptic and tangible interfaces where physical objects are coupled with digital representations. Any change in the physical arrangement is recognized and interpreted as a controlling action for the digital counterpart, e.g. as in the navigational blocks (Camarata, Gross, & Johnson, 2002) that provide visitors of a virtual museum with a direct manipulation experience using physical blocks to navigate a data space. Also, the Tangible Computation Bricks (McNerney, 2001) are physical building blocks augmented with embedded micro-processors that implement a programming language for scientific exploration. However, different from the I-BLOCKS presented here, in McNerney's implementation, building blocks can only stack in one dimension, and they allow only for sequential control. Whereas this may be suitable in some cases, in other cases a more general approach allowing two-or three-dimensional construction and parallel control may be suitable, see I-BLOCKS experiments below. Indeed, in this paper we will also focus on the technological development towards 3D building possibilities.
Most of the currently available prototypes of tangible interfaces share the characteristic to specify a computation that is performed by a target system. In a sense the tangible interface is still separated by any produced output either in the physical or in the virtual world. However, with the I-BLOCKS technology, we try to take a step forwards with regards to other existing implementations of building blocks, developing building devices able to simultaneously perform computations and to act as output devices of the intended functionality. They are not control systems but both input and output devices that are constructed by the users. Therefore, the I-BLOCKS objective is to develop a concept of seamless interface to manipulate physical objects (the building blocks and the constructions obtained assembling them), to build conceptual structures (the meaning associated to each block, e.g. a math block, word block), and to compose actions (combination of output blocks like motors, LEDs, loudspeakers). Manipulating I-BLOCKS do not only mean constructing physical or conceptual structures but composing actions for building complex behaviours. During our work, we have succeeded in refining the studies in both schools and hospitals, and in diverse cultures such as in Denmark, Finland, Italy and Tanzania. We have also found, that some technological developments are necessary to provide the seamless interface and creative construction possibilities, e.g. the new connection mechanism and the possibility for authoring the contents of the individual I-BLOCKS as presented here.
I-BLOCKS
I-BLOCKS are hardware building blocks, which are currently embedded in LEGO Duplo Ò bricks. The electronics and connectors have been designed so as to facilitate communication and power sharing between I-BLOCKS when these are physically connected.
Each I-BLOCK contains a microcontroller, and metallic connectors for power sharing and communication. A 2 · 4 (see Fig. 1 ) Duplo I-BLOCK contains 2 male communication connectors on the top surface, and 2 female connectors integrated in the printed circuit board (PCB) on the bottom. The I-BLOCKS all have a programming connector on the main PCB inside, and this allows for easy reprogramming and/or updating of the I-BLOCKS software.
The communication protocol implemented is one way at a time per channel, so that each 2 · 4 Duplo I-BLOCK can be connected to and communicate with up to 4 other I-BLOCKS. Power is supplied from special power I-BLOCKS that are either power adapter supplied or 9 V battery supplied and using the power sharing facilities of the I-BLOCKS, an entire structure of up to 20 I-BLOCKS can be supplied from a single 9 V battery.
We developed a number of standard I-BLOCKS with the features mentioned above, and besides those we also developed some that have actuators built-in, such as DCmotors, servo-motors, light, LCD-displays, sound, etc. and some that include sensors such as LDR resistors, microphones, flex sensors, touch and sonar (Ngo & Lund, 2004) . Besides those, we have experimented with and build communication I-BLOCKS that use both infra red light and radio communication to facilitate structure-structure communication (Ngo & Lund, 2004) .
As each I-BLOCK includes its own microcontroller, the processing that goes on in a connected structure is truly distributed, and therefore the activity of the structure that is built is directly dependent on the physical properties of the structure.
I-BLOCKS experiments
We explored numerous strategies for structure dependent distributed processing on the I-BLOCKS platform. Different approaches have been taken to gain greater transparency for the user of the system, and to evaluate the areas of application for the I-BLOCKS. Some of the different experiments and their results are mentioned briefly below.
Arithmetic I-BLOCKS
The arithmetic I-BLOCKS (Lund, 2003a) are meant as an educational tool, where the user physically builds binary expression trees (without having to know about those in order to build) using the standard operators addition, subtraction, multiplication and division. Here the standard I-BLOCKS without sensors or actuators (also called the CPUblocks) are programmed to be either kind of arithmetic operator mentioned above. The user then decides the input to those arithmetic I-BLOCKS by using so-called user input I-BLOCKS, which can be set to any integer number between 0 and 99. The calculation is done real-time, and when a display I-BLOCK is connected to the root of the structure, the final result will be displayed immediately as one builds or changes parameters in the structure. The display I-BLOCK can also be inserted at other places in the structure to show sub-results of the entire calculation.
Neural I-BLOCKS
The neural I-BLOCKS (Lund, 2003b; ) is a set of I-BLOCKS where the functionality of each I-BLOCK resembles that of a spiking neuron, so that the user has to construct neural networks when designing a structure. In the neural I-BLOCKS we have included the different sensor and actuator I-BLOCKS, and it is hereby possible to build small robotic structures that will react on and possibly modify the surroundings. Besides, we also implemented a specific type of learning -called Hebbian learning, which allowed for training of the built robot .
Language I-BLOCKS
In this experiment we implemented a grammatical checker to be used in language training in schools. Here each I-BLOCK is implemented as a word, and then the words have to be combined physically to form a sentence. The resulting sentence is then checked by a Display I-BLOCK, and the sentence is displayed only if it is grammatically correct. Besides display output, we also implemented a sound I-BLOCK for playing a happy melody when the sentence is correct and a sad melody when wrong. The Language I-BLOCKS were tested in Danish and Italian schools and hospital, and proved to be very useful (Lund, Marti, & Palma, 2003) .
The living tree
The living tree (Marti, Lund, Rullo, & Nielsen, 2004) was developed together with master students from the University of Siena, and the platform implemented allows the users to express their state of mood through connecting I-BLOCKS of different characteristics and receiving different outputs (light, movement and sound) on that behalf. So in this experiment, it was up to the users to determine what combination of I-BLOCKS resulted in an output that was a reflection of their current mood state.
The toolset
The toolset borrows a lot of its functionalities from some of the other implementations mentioned above, and is a more general implementation, that allows the user to build and explore more freely. Basically, the toolset is an expansion of the arithmetic I-BLOCKS, where all sensor and actuator I-BLOCKS have been included to facilitate construction of different measuring tools and robotic structures. Generally, all of the sensor I-BLOCKS work as outputs only, meaning that they only receive input from their sensors, and they only transmit output on their communication ports. The actuators work in the exact opposite way, meaning that they only receive input on their communication ports and they only send input to their actuators. In this way it is up to the user to build paths between the right sensors and actuators using CPU I-BLOCKS with different functionalities. The different I-BLOCKS used in the toolset are presented in Table 1 . Table 1 The toolset of I-BLOCKS CPU I-BLOCK: This I-BLOCK is the general processing I-BLOCK that is used for all kinds of calculations -producing output from input received from one or more input ports. I-BLOCKS of this type normally also contain 8 LEDs for producing light output, that can either be used for run-time debugging or as a general actuator.
LDR I-BLOCK: This I-BLOCK comes in two versions with either one or two LDR sensors. The LDR sensor is a light sensor and senses the brightness of the light.
Flex sensor I-BLOCK: This sensor I-BLOCK is sensitive to touch, i.e. sensitive when the sensor is bent.
Microphone I-BLOCK: This I-BLOCK comes in two versions with either one or two microphone sensors. The microphone sensor is a sound sensor and senses the loudness of sounds.
Sonar I-BLOCK: This I-BLOCK uses two sonar devices to determine distance to objects in front of them. The one device is the sender and the other a receiver. It uses ultrasonic sounds to calculate the distance.
RFA I-BLOCK:
This I-BLOCK can both be considered a sensor and an actuator I-BLOCK. It has a built-in radio module which can be set up to either receive or transmit data. Besides, it also has a built-in tilt sensor, that will output a value dependent on the I-BLOCKS angle compared to water level.
Button I-BLOCK: This I-BLOCK can be used to set values. When pushing the right button, the internal number is increased one-by-one until it reaches 255, and the left button decreases the number. It is easier to set the value, when this I-BLOCK is attached to the LCD I-BLOCK for obtaining feedback.
Switch I-BLOCK: This I-BLOCK can be used to set values. The value can be set between 0 and 99. The value can be read directly from the two turn-buttons.
LCD I-BLOCK:
This I-BLOCK is a general display I-BLOCK that can be used to display all sorts of textual and numeric output.
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In April 2004 the toolset consisting of the I-BLOCKS mentioned above was tested at a workshop with students of Tumaini University, Iringa, Tanzania. We pre-programmed all of the I-BLOCKS before taking them to Tanzania. One of the goals of the workshop was to test if the I-BLOCKS could be used as a tool for giving students a hands-on introduction to IT and IT artefacts, and thereby making it easier for them to gain the concepts of e.g. inputs and outputs and sensors and actuators. In this first test, we just wanted to get an idea about the impact of the I-BLOCKS in contrast to the standard introductory programming courses that had been run at Tumaini University a couple of times before. The I-BLOCKS experiments were not meant to be a replacement of the standard computer programming sessions often seen in programming courses, but rather an introduction to technology that would afterwards help them in learning how to program JAVA.
At this first workshop 11 students, divided into two groups started by analyzing the capabilities of each I-BLOCK. The students were at first quite hesitant to play with the I-BLOCKS, but after just 1-2 h they started to find out what capabilities the different kind of I-BLOCKS had and how they could be combined to make small tools or robotic structures. Most of the first structures built by the students were direct connections of sensor and actuator I-BLOCKS. But after a presentation of our CPU I-BLOCKS, which we had pre-programmed with different functions, they started to realize that it was possible to process the input of one or more sensor I-BLOCKS before outputting it to an actuator I-BLOCK. Then the groups started making constructions using different I-BLOCKS. For the final project, the groups decided to build a car alarm system by using I-BLOCKS. One group built a sensor-transmitter system and the other group built a receiver system. Their projects seemed to work. The planning and building of the car alarm system was evidence of success for us given the short amount of time involved. Especially, we noticed how the students were able to work together as two groups, building a common project which involved fairly difficult concepts related to sensory input (ultra sound sensors, flex sensors, accelerometer); output (motor, sounds); and communication (radio communication) between the car alarm and the receiving device that provided the output.
Basically, the university students understood that the I-BLOCKS are controlled by humans. They learned that the person gives the I-BLOCK commands and the I-BLOCKS carry out the commands like robots. This represents the background ideas of programming and new technology. We continued the workshop by moving onto more abstract for- mats of programming with the university group. We used Jeliot visualization, which uses the Java language. We gave the students some basic, mostly mathematical, tasks to do. We observed that the students understanding of inputs and outputs helped them use this written language. They were also able to do some small programs relevant to the local context and they understood the variable concepts.
At the end of the workshop, the university students were asked to evaluate the state and future of ICT in Tanzania. The students thought that ICT education should be developed with the assistance of Western people, but they also thought that the local authorities should be responsible for that. They also thought that ICT skills and opportunities should be available everywhere in the country.
The preliminary, explorative results indicated that the I-BLOCKS might be a suitable tool for technology education in the Tanzanian context. We recognize that the results are very preliminary and that our method has been mainly explorative, so far. What the above experiments also showed, is that there are some limitations with the current version of the I-BLOCKS. First of all, the LEGO Duplo Ò housing does not allow for connections that are stable enough for larger structures. In the current version, the I-BLOCKS structure simply disassembles when exposed to even light shakes, which is definitely not suitable for children or teenager handling. This does also not support our wish of being able to create robotic self-moving structures from the I-BLOCKS.
Another limitation of the current I-BLOCKS version is the lack of information available to determine the exact 3D shape of the structure. This is so, because the I-BLOCK-to-I-BLOCK connection does not carry any information about rotation. The gain of having this rotational information would be to have more possible states within each I-BLOCK so that each rotation angle could result in a different behaviour of the connected I-BLOCK and in the end the entire structure.
The I-BLOCKS in the current version are hand-made, and primarily because of that, we have experienced some problems with the metallic connectors. Assembling and disassembling the I-BLOCKS several times results in lose connections and this problem should be solved in a new version.
Another issue is that the user until recently has been unable to alter the content of i.e. the CPU I-BLOCK. This limits the user to only be able to experiment with pre-programmed I-BLOCKS, and we might therefore be missing out on general functionalities that would enhance the entire system. Finally, the current version of the I-BLOCKS is limited to the way one can build with the standard LEGO Duplo Ò I-BLOCK. The Duplo only has connectors on the bottom and the top, and therefore the direction of building almost always bottom-up. This problem will be investigated further in a section below.
In order to address the challenges, we engaged in the development of a simple graphical user interface for allowing users to author the contents of the individual I-BLOCKS, and we engaged in a design of 3D I-BLOCKS with neighbourhood information. These two developments are described below.
Programming interface
The I-BLOCK Application is a Java application that provides the user with a simple graphical interface to change the behaviour of an I-BLOCK. This application has been made to make it easy for the user to test her ideas, without having to ask a skilled program-mer to make the programs. The user does not need to have any previous knowledge of traditional programming languages to use this interface and he needs only to have a concept of what inputs and outputs are, and what kinds of sensors and actuators the different I-BLOCKS contain (which a user normally obtains simply by playing with the I-BLOCKS, as exemplified with the Tanzanian project mentioned above). And finally the user needs to know how to connect the programming interface from a PC to an I-BLOCK.
The basics of the application
The I-BLOCK application integrates a database of I-BLOCKS, a database of functions and a database of programs with a graphic user interface. These databases are linked together, so that each I-BLOCK in the I-BLOCKS database points to a set of functions in the functions database and a set of programs in the programs database. In this way, when a user selects a certain I-BLOCK from the selection list (as shown in Fig. 2A ) a specific number of programs are presented in the program list and a specific number of functions in the function list. It is possible to select a program and upload this to the selected I-BLOCK. In order to upload a program, the PIC-programming device that we are currently using must be connected to a USB port and attached to the ISP port of the I-BLOCK in use.
Another option is to start building one's own program as shown in (Fig. 2B) . Here functions can be inserted and connected to the inputs and outputs of the I-BLOCK, and hereby it is possible to build rather complex programs which can then be compiled and uploaded to the I-BLOCK. In the current experimental version we have only implemented the basic arithmetic operators and constants. Note also, that when an I-BLOCK includes an actuator or a sensor, this is also represented as an output or input in the application.
The I-BLOCK application has been based on the functionalities of the I-BLOCKS toolset mentioned above, and the application has been tested October 2004 in an ICT course in Tumaini University, Iringa, Tanzania, where the students have successfully been using this interface together with the I-BLOCKS to gain the basic concepts of programming, before continuing on learning the Java programming language. The course started with an intensive two-days workshop playing and developing with I-BLOCKS, and then continued as a normal course with lectures and practical exercises each week, until a final project was performed by the university students, e.g. by teaching with I-BLOCKS at a secondary school in the rural area. Some of the outcomes of the first workshop were i.e. a tool that measures the height of people, an earthquake alarm, a burglar alarm and a vehicle that avoids walls. To verify the university students' gain of knowledge about IT and technology, the students have been teaching secondary school children using I-BLOCKS (Fig. 3) .
During the Tanzanian workshop that initiated the full course, questionnaires were used to gain an understanding of how students were learning. The answers were given as free text, but the two tables below (Tables 2 and 3 ) describe the number of answers that fit within each mentioned category. The students were allowed to give several answers to each question. 
3D challenges
In order to accommodate 3D structures we used a cubic shape for the new I-BLOCKS. This shape is more modular, and gives us the possibility of connecting up to 6 other I-BLOCKS to one I-BLOCK. However, when constructing this way, the user has to take gravity into account, (see Fig. 4 ) and will definitely experience problems such as benddown and eventually self-disassembly when building perpendicular to the gravity vector without supporting the structure. When talking about self-disassembly we have to take into account that it will eventually occur and we need to design the connectors so that they will not break by such an incident.
Another challenge when building with cubes is that it might not be possible to connect cubes in e.g. corners (see Fig. 4 ) if the connectors are outside the cube borders. So therefore we either have to design special integrated connectors, or the user will have to take this into account when building. 
19
I have used I-BLOCKS and supplied software to download both pre-fabricated and self-created programs.
8
I have been taught about computer programming through the use of I-BLOCKS 7 I have tried to relate to what we have been doing in the workshop and how that can be used in our daily life.
3
I have built structures that allowed for arithmetic calculations. 1 Table 3 Student answers result 2 When building in 3D one would often like to know the precise 3D structure that has been built, because this information can directly be used to determine the functionality of the entire structure. The challenge here is to find ways to record this structural information and use this information in a clever way.
General answers #

New connectors
When designing connectors, there are a lot of things to take into account -both physical aspects and electrical aspects. In this section we will mention the different results we have reached during this process.
Starting with the electrical aspects of the connectors, we have to make sure that the following features are included in each connector side of the cube:
Power transferral. Power should be able to be supplied from one I-BLOCK to another, so that it is possible to have only few special power bricks in the structure. Communication connectors. Each side should include one or two connectors for half or full duplex serial communication. Rotational information. In some way information must be present to determine all 4 possible connection angles when connecting the I-BLOCKS.
Also, when transferring power between the bricks, the electric connectors need to be able to transfer the sufficient amount of power, so that every I-BLOCK will work as intended.
Looking at the physical aspects of a connector, it is very important to look both at connectivity and producability. Also, there are such aspects as sex -do we want male-female connections or unisex. Different experiments have been carried out to find the optimal solution, and the results of some of those are shown below.
Male-female system 1
This connector uses an O-ring (not shown in Fig. 5 ) as a connector between the male and female part. This type of connection is well tested in other applications, but in this case the O-ring is likely to fall of the male connector, when detaching it from the female.
Discovered advantages and disadvantages: + Easy to connect. + Limitations with connecting at structure corners as explained previously. Not easy to produce. There will be problems using O-rings.
Male-female system 2
This connector has a built-in ''click'' mechanism (Fig. 6 ), which will lock the male connector to the female once connected. This type of connector is quite stable, but again we may have problems actually producing it.
Discovered advantages and disadvantages:
+ Easy to connect. + Simple.
Limitations with connecting at structure corners as explained previously. High demands to the material selected. Complex to produce.
Unisex system 1
This connector (Fig. 7) is a unisex connector, which is actually producible this connector, but once produced, we discovered that the connectors were quite hard to join, and that there were slight misalignments once connected.
+ More construction possibilities with unisex connectors. + The connector is quite strong. Physically connecting two connector surfaces is hard to do and takes a bit of practice. Uncertain durability of the connectors. Slight misalignment when connected. 
Unisex system 2
This system uses 8 connector pins on each connector side (Fig. 8 ) and this ensures a very stable and strong connection. Likewise, the electrical connectors can be easily implemented in the connector.
+ More construction possibilities with unisex connectors. + The connector is quite strong. + No manipulation of the connections. Takes up a bit of space.
The design that we decided upon using is the last one shown above. This design is quite feasible both for implementing the electrical connectors and also because of the great unisex features that really improve the construction possibilities. There are however still things that have to be tested in more prototypes, and we have to investigate what design is easier and cheaper to produce, while still providing the features that we need. We have currently produced 2 cubic new I-BLOCKS (Fig. 9) , and are as of this writing trying to find a stable way to join the individual sides of the cube and we are also in the phase of testing the electronics and trying to implement the metallic connectors as described in the next section.
Novel hardware
The new hardware that we are testing currently to be used with the connectors mentioned above can be seen in Fig. 10 . The processor chosen is the Atmel ATMega128 microcontroller. This processor has been chosen to facilitate an increase in number of digital inputs and output pins necessary to support the new features of the I-BLOCKS and their connectors. The current side length of the new I-BLOCK is 5 cm. A new PCB has been made (Fig. 10) which fits within the cube and allows for connection to all of the cube sides. Each cube side has one serial connector, power transferral capabilities and rotational information is gained from two spring connectors that connect to brass plates of high or low voltage on the adjoining connector as shown in Fig. 10 .
The wire connections from one PCB to another was made, and tests have shown that communication, power transferral and rotation detection work as intended.
Conclusion
Here, we developed a new graphic interface for authoring the contents of the individual I-BLOCK and we designed and developed a new cubic I-BLOCK with new connectors, as well as new hardware to support the new shape and capabilities of the I-BLOCK. During our work in both schools and hospitals, and in diverse cultures such as in Denmark, Finland, Italy and Tanzania we found that such technological developments are necessary to provide the seamless interface and creative construction possibilities. Therefore, this paper has focused on these necessary technological developments for improving the I-BLOCKS concept, and the development of novel I-BLOCKS based on this concept is ongoing.
In general, we find it important to develop such building devices able to simultaneously perform computations and to act as output devices of the intended functionality, since it allows us to advance constructionism by utilising the possibilities with the novel technol- ogy. We have throughout our work observed that the I-BLOCK is indeed a great tool for supporting different educational situations as well as children's play and general exploring curiosity. The development described in this paper will expand the possibilities within the concept even more and are likely to produce new uses of the I-BLOCKS, since it expands to 3D building, contents authoring, and easy manipulation.
